Diversity of oil‐degrading bacteria and their degradation genes enriched from surface water of Arctic Ocean by 廖悦婷
 
学校编码：10384                                 分类号      密级         




   硕  士  学  位  论  文 







指导教师姓名：邵宗泽  研究员 
专  业 名 称：生物化学与分子生物学 
论文提交日期：2011 年 07 月 
论文答辩时间：2011 年 08 月 
学位授予日期：2011 年    月 
  
答辩委员会主席： 郑天凌        
评    阅    人：            
 





















另外，该学位论文为（                            ）课题（组）
的研究成果，获得（               ）课题（组）经费或实验室的































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于   年  月  日解密，解密后适用上述授权。 







                             声明人（签名）： 















1 前言 ··········································································································· 1 
1.1 海洋石油污染的生物修复 ················································································1 
1.1.1 海洋石油污染的现状与危害 ·····································································1 
1.1.2 石油在海洋环境中的降解途径及归宿······················································2 
1.1.3 常见的石油降解微生物 ·············································································2 
1.1.4 微生物修复在海洋石油污染治理中的应用 ··············································3 
1.2 极地及其它低温环境中石油降解微生物研究概况 ·········································4 
1.2.1 南北极低温石油降解菌研究进展······························································4 
1.3 石油烃降解菌的研究方法 ··············································································10 
1.3.1 纯培养法···································································································10 
1.3.2 分子生物学方法 ························································································10 
1.4 本文研究的目的和意义 ··················································································15 
2 材料和方法···························································································· 16 
2.1 实验材料··········································································································16 
2.1.1 样品来源···································································································16 
2.1.2 菌株与载体 ·······························································································17 
2.1.3 主要试剂···································································································17 
2.1.4 主要仪器···································································································18 
2.1.5 常用溶液和培养基 ···················································································19 
2.1.6 引物···········································································································20 
2.1.7 序列分析处理软件 ···················································································20 
2.2 基本方法··········································································································21 
2.2.1 细菌单菌 DNA 的提取··············································································21 
2.2.2 降解菌群混合菌总 DNA 的提取 ······························································21 















2.2.4 PCR 反应体系 ···························································································22 
2.2.5 功能基因 PCR 扩增体系···········································································23 
2.2.6 PCR 扩增程序 ···························································································23 
2.2.7 PCR 产物纯化 ···························································································23 
2.2.8 琼脂糖凝胶上的 DNA 片段的回收 ··························································24 
2.2.9 连接反应····································································································24 
2.2.10 质粒的化学转化 ·····················································································25 
2.2.11 菌落 PCR ································································································25 
2.3 实验方法··········································································································25 
2.3.1 降解菌群富集培养 ····················································································25 
2.3.2 降解单菌分离鉴定 ···················································································26 
2.3.3 单菌降解能力定性分析 ···········································································26 
2.3.4 16S rDNA 的鉴定与系统发育树的构建 ··················································27 
2.3.5 石油烃降解基因扩增 ···············································································27 
3 结果与讨论···························································································· 29 
3.1 北极地区表层海水中石油烃降解菌的富集···················································29 
3.1.1  4 ℃富集结果 ··························································································29 
3.1.2  25 ℃转接富集结果 ················································································29 
3.2  石油烃降解菌群中可培养菌的分离 ·····························································31 
3.2.1  4 ℃富集菌群中可培养单菌的分离及多样性分析 ·······························31 
3.2.2  25℃富集菌群的菌株分离及多样性分析··············································38 
3.3 可培养假交替单胞菌的多样性分析 ······························································51 
3.4 可培养菌株石油降解能力验证·······································································54 
3.4.1 可培养菌株石油降解能力验证 ································································54 
3.4.2 部分菌株降解碳源范围验证 ····································································64 
3.5  降解菌中降解基因的检测·············································································67 
3.5.1  烷烃降解基因（alkB）的检测 ······························································67 
3.5.2  多环芳烃降解基因起始双加氧酶大亚基多样性分析 ··························68 















4 小结 ········································································································ 74 
参考文献···································································································· 76 
致 谢 ·········································································································· 85 


















1.1 Bioremediation of marine petroleum contaminant ·········································1 
1.2 Research progress in oil-degrading bacteria of polar environment···············4 
1.3 Methods of oil-degrading bacteria research···················································10 
1.4 Purpose and significance of this study····························································15 
2 Materials and Methods........................................................................16 
2.1 Materials············································································································16 
2.1.1 Environmental samples................................................................................16 
2.1.2 Strains and plasmid ......................................................................................17 
2.1.3 Reagents.......................................................................................................17 
2.1.4 Main apparatus.............................................................................................18 
2.1.5 Solution and medium ...................................................................................19 
2.1.6 Primers .........................................................................................................20 
2.1.7 Biological software ......................................................................................20 
2.2 Basic Methods ···································································································21 
2.3 Enrichment,Isolation and Identification of Marine Bacteria ·························25 
2.3.1 Enrichment and isolation of oil-degrading bacteria.....................................25 
2.3.2 Classification and identification of oil-degrading bateria............................26 
2.3.3 Assays for oil degradation............................................................................26 
2.3.4 The phylogenetic analysis based on16S rDNA sequences ..........................27 
2.3.5 PCR amplification of the oil-degradation genes..........................................27 
3 Results and Discussion.........................................................................29 
3.1 Enrichment of Oil-degrading Bacteria ····························································29 
3.1.1  The OD600 value of fifteen crude oil-degrading consortia enriched at 4℃
...............................................................................................................................29 
















3.2  The Bacterial Isolation of The Oil-degrading Consortia ·······························31 
3.2.1  Isolation and diversity analysis of the bacteria isolated at 4℃.................31 
3.2.2  Isolation and diversity analysis of thebacteria isolated at 25℃................38 
3.3 Diversity Analysis of Pseudoalteromonas spp.·················································51 
3.4 Ability test of The Oil-degrading Bacteria ·······················································54 
3.4.1  The degrading ability of cultural bacteria.................................................54 
3.4.2  The carbon-range test of cultural strains...................................................64 
3.5  Test of The Oil-degradation Genes ·································································67 
3.5.1  Test and diversity analysis of alkB gene...................................................67 
3.5.2  Test and diversity analysis of pah gene.....................................................68 




























内含萘、菲、芘三种 PAHs，它们在培养基中的终浓度分别为 200 mg/L 、100 mg/L
和 50 mg/L]为碳源，采用 4 ℃低温富集（4 ℃和 15 ℃条件下，M2 培养基平板分
离）和 25 ℃常温富集（25 ℃条件下，M2 培养基平板和 BH 石油熏蒸平板）的
方法研究了这 15 个样品中可培养石油烃降解菌的结构组成。 终经富集培养和
单菌分离鉴定，共获得 219 株可培养单菌，结果描述如下：4 ℃富集菌群在 4 ℃
条件下分离的单菌，均属于 γ 变形菌门的 Pseudoalteromonas，Marinomonas，
Cobetia 和 Shewanella 属，其中 Pseudoalteromonas 为优势菌属，该属菌株占 4 ℃
可培养菌株总数的 86%。4 ℃富集菌群在 15 ℃条件下分离的单菌，归属于 γ和 α
变形菌门 9 个属中的 15 个种，其中 γ变形菌门的细菌为优势类群，占总数的 74%，
包括 Shewanella，Pseudomonas，Marinomonas，Cobetia，Pseudoalteromonas 和
Glaciecola 6 个属；α变形菌门共包含 Celeribacter，Rhodobacter 和 Sulfitobacter 3
个属。25 ℃富集菌群中分离的单菌，分属于 5 个门/亚门的 25 个属的 46 个种，
种属多样性丰富。这 5 个门/亚门为 γ-、α-Proteobacteria，CFB，Firmicutes 和
Actinobacteria，其中 γ和 α变形菌门的细菌为优势类群，分别占可培养单菌总数
的 67 %和 19.6 %。γ变形菌门中的优势属是 Pseudoalteromonas，占 25 ℃可培养
单菌总数的 31 %，α变形菌门中的优势属是 Celeribacter 和 Sulfitobacter，分别占
25 ℃可培养单菌总数的 8 %和 7 %。25 ℃富集菌群中利用 BH 石油熏蒸平板分















β-Proteobacteria、CFB 和 Actinobacteria，其中 γ和 α变形菌门的细菌为优势类群，
分别占可培养单菌总数的 54.8 %和 33.3 %。γ变形菌门包含 7 个属中的 12 个种，




Pseudoalteromonas 属的菌株，在 4 ℃条件下几乎全部对混合碳源有较好的降解
效果；在 15 ℃条件下分离获得的单菌整体上而言对混合碳源的降解能力较差，
其中具有一定降解能力的菌属于 Rhodobacter，Cobetia 和 Celeribacter。25 ℃富
集菌群中由 M2 平板分离，对混合碳源有较好降解效果的菌株主要属于
Pseudoalteromonas，Marinobacter，Pseudomonas，Alcanivorax，Thalassolituus，
Acinetobacter，Alteromonas 和 Dietzia 属；而由 BH 石油熏蒸平板分离的单菌并
未表现出很好的降解能力，甚至有部分菌株对混合碳源无降解能力。随后，对部
分 25 ℃分离培养的单菌进行单碳源降解能力验证，结果表明菌株 R6-15
（Thalassolituus oleivorans）、BN10-2（Marinobacter hydrocarbonoclasticus）和
BN10-16（Dietzia maris）均能降解 C10、C16、C24 和 C32，表现出较广的碳源降
解范围， Marinobacter 属的菌株对 C16 都表现出一定的降解能力而
Pseudoalteromonas 属对本实验所用的单一碳源都不具有降解能力。通过简并引
物对混合碳源有较好降解效果的单菌，进行 alkB 和 PAHs 降解起始双加氧酶大
亚基基因片段的扩增结果表明，仅从 15 株单菌中获得了 15 个 alkB 基因片段，
这些菌归属于 Pseudomonas 、 Rhodobacter 、 Marinobacter、 Alcanivorax 和
Thalassolituus 属，从 Marinobacter 和 Pseudomonas 属的 4 株单菌中获得了 9 个
PAHs 降解起始双加氧酶大亚基基因片段。虽然 Pseudoalteromonas 属的菌株在 4 
℃和 25 ℃可培养单菌中均为优势菌株，并且部分菌株对混合碳源具有很好的降






































Since the Arctic sea ice melting was accelerated due to global warming, the 
petroleum hydrocarbon pollution has been one of the important factors in the Arctic 
Ocean due to the increasedly development of scientific investigation, shipping and 
exploration and exploitation for oil and gas in Arctic offshore areas. However, the 
bioremediation of petroleum hydrocarbons by Arctic marine ecosystems seems weak 
compared to other oceanic environments, It is necessary to learn about the diversity 
and characteristics of the oil-degradation bacteria in Arctic area for both 
understanding their ecological role and the bioremediation in case of oil spill. 
In this study, 15 surface water samples which were collected across Bering sea 
and Arctic Ocean during China's forth scientific Arctic expedition were enriched with 
an oil mixture as the carbon source (the ratio of crude oil and diesel oil is 1:1 and the 
final concentration of naphthalene, phenanthrene, pyrene were 200 mg/L, 100 mg/L 
and 50 mg/L, respectively). To analyze the composition of the oil-degrading consortia 
by cultured method, the enrichment was carried out at 4℃, and isolated on M2 agar 
medium at 4℃ and 15℃, respectively, and enriched at 25℃ which isolated on M2 
agar plate and BH agar plate at 25℃. Consequently, a total of 219 bacterial isolates 
were obtained, and further characterized by 16S rRNA gene analysis. In the case of 
the consortia enriched at 4℃ , the bacteria cultivated at 4℃ were found belonging to 
the genera Pseudoalteromonas, Marinomonas, Cobetia and Shewanella of 
γ-Proteobacteria, among which bacteria of Pseudoalteromonas consist of the majority 
by 86% of the total;the bactera isolated and cultured at at 15℃ belonged to 16 species 
of 9 genera of α-, γ-Proteobacteria, among which γ-Proteobacteria consiste of the 
majority by 74% of the total incuding Shewanella, Pseudomonas, Marinomonas, 
Cobetia, Pseudoalteromonas and Glaciecola, while α-Proteobacteria consist of the 
genera Celeribacter, Rhodobacter and Sulfitobacter, among which Celeribacter 















cultured at 25℃ by M2 plate belong to 46 species of 25 genera of γ-, α-proteobacteria, 
CFB, Firmicutes and Actinobacteria, among which γ- and α-Proteobacteria consist of 
the majority which takes up 67% and 19.6 %, respectively. The major genera of γ- 
Proteobacteria is Pseudoalteromonas (31%), while α-Proteobacteria is Celeribacter 
(8%) and Sulfitobacter (7%). The bacteria isolated and cultured at 25℃ by BH plate 
belong to 25 species of 19 genera of γ-, α-, β-proteobacteria, CFB, Firmicutes and 
Actinobacteria, among which γ- and α-Proteobacteria consist of the majority which 
takes up 54.8% and 33.3 %, respectively. γ-proteobacteria includes 12 species of 7 
genera withthe major genera of Pseudomonas, while α-proteobacteria includes 6 
species of 5 genera with the major genera of Celeribacter. 
Furthermore, we tested the ability of hydrocarbon utilization by these bacterial 
isolates. The results showed that the bacteria which isolated at 4℃ by M2 plate can 
use mixed oil as the carbon source (the component as stated above) effectively, 
especially the genera Pseudoalteromonas. However, none of the bacteria enriched at 
4℃ and isolated at 15℃ can use the mixed oil except those belonging to the genera of 
Rhodobacter, Cobetia and Celeribacter. The bacteria isolated at 25℃ by M2 plate 
which can use mixed oil mainly belong to Pseudoalteromonas, Marinobacter, 
Pseudomonas, Alcanivorax, Thalassolituus ， Acinetobacter ， Alteromonas and 
Dietzia;however, most of the bacteria which isolated at 25℃ by BH plate showed 
weak ability of hydrycarbon-utilization. And then, the partial bacteria isolated at 25℃ 
by M2 plate which can degrade mixed oil, were chosen to test the ability of sole 
hydrocarbon-utilization. As the result, the strains R6-15（Thalassolituus oleivorans）, 
BN10-2（Marinobacter hydrocarbonoclasticus）and BN10-16（Dietzia maris）can use 
the hydrocarbon of C10, C16, C24 and C32  as the sole carbon source.. The bacteria 
belonging to the genera of Marinobacter can only degrade C16, while 
Pseudoalteromonas can’t use any of them. In addition, the degenerate PCR primers to 
were used to amplify thealkB and pah genes from the strains with certain 
hydrocarbon-utilization ability. Finnaly, 15 alkB gene fragments were obtained from 
15 strainswhich belong to the genera of Pseudomonas, Rhodobacter, Marinobacter, 















strains belonging to the genera of Marinobacter and Pseudomonas. Although 
Pseudoalteromonas occupy the majority of all the bacterial isolates, none of alkB and 
pah gene fragments were amplified.  
This is the first report concerning the oil-degrading consortia and bacteria as well 
as the diversity of degradion genes of the surface water in the wide geographical 
range of Arctic Ocean (with the latitude from 52°N to 88.5°N). The results contribute 
to provide available strain resources for controling petroleum pollution, and it also 
help to elucidate the petroleum degradation mechanism at low temperature at a certain 
extent. 
 









































年总产量的 5‰[2]；其中由河流携带排入海洋的约为 150 万吨，由船舶事故排放




年 7 月利比里亚籍油轮“威望”号在西班牙西北部海域解体沉没，至少 6.3 万吨重
油泄漏，导致法国、西班牙及葡萄牙共计数千公里海岸受污染，数万只海鸟死亡，
2007 年 7 月装载 4700 吨重油的俄罗斯油轮“伏尔加石油 139”号在刻赤海峡遭
遇狂风，解体沉没，3000 多吨重油泄漏，致出事海域遭严重污染，2010 年 4 月
20日BP公司在墨西哥湾租用的“深水地平线”钻井平台爆炸导致墨西哥湾原油泄
漏，每天有 25300 桶原油流入墨西哥湾，浮油威胁至少 600 种动物安全，油污形
成 2000 平方英里的污染区，为美国史上 大环境灾难，就在墨西哥湾事件还未
平息之时，2010 年 7 月 16 日我国辽宁大连新港镇中石油储备库输油管道发生爆































































主要是：Alcanivorax spp.[10]、Oleiphilus spp.[11]、Oleispira spp.[12]、Thalassolituus 
spp.[13] 、Marinobacter spp.[14] 、Planomicrobium spp. (以前被认为动球菌属
Planococcus)[15] 等，常见的芳烃降解菌主要是： Cycloclasticus spp.[16] 、
Pseudomonas[17]、Sphingomonas[18]、Novosphingomonas[19]、Neptunomonas spp. [20]
等属的一些菌株。其中 Alcanivorax spp.、Oleiphilus spp.、Oleispira spp. 、
Thalassolituus spp. 和 Planomicrobium alkanoclasticum MAE2 是专业的烃类降解
菌，能利用不同链长的支链和直链饱和烷烃。Cycloclasticus spp. 则能利用萘、





类降解菌，例如 Vibrio、Pseudoalteromonas、Marinomonas 和 Halomonas 能够
降解菲和屈等稠环芳香烃[21]。另外，一些从海洋环境中分离获得的烃类降解菌
经鉴定属于陆源的烃类降解菌，例如：萘降解菌 Staphylococcus 和







































表 1.1  近 20 年南北极重大偶然溢油事件 
Table1.1  Examples of accidental oil spills in Polar areas                        
地区 船只或研究基地 溢油地理位置 时间 溢油量（升），烃物质 
北极 Ms Exxon Valdez Alaska 1989.3.24 41251000，原油 
南极 Alfred Faure Base Crozet Island 1997 全年 20000，柴油 
南极 MS Bahia Paraiso Anvers Island 1989.1.28 600000，柴油和喷气燃料
南极 MS Nordkapp Deception Island 2007.1.31 700，柴油 
南极 MS Explorer Bransfield Straits 2007.11.23 185000，柴油 
南极 MS Ciudad de 
Ushuaia 



















生长温度＜15℃， 高生长温度＜20℃；耐冷菌是指 小生长温度为 0-5℃，
适生长温度＞15℃， 高生长温度＞20℃[31]。降解烃的微生物有细菌、酵母菌
和真菌，其中细菌在石油污染中 初阶段降解 为活跃[32, 33]，少数细菌专门以
烃为唯一碳源生长[34]。 
    基于 16S rRNA 基因系统发育分析，可培养和不可培养技术表明极地石油烃
降解菌分属于 α变形菌纲，β-变形菌纲，γ-变形菌纲，CFB 门和放线菌纲。其中
γ-变形菌纲的菌株含量 丰富，包括：Halomonas spp.[35, 36]，Alcaligenes spp.， 
Colwellia spp.[37]，Oleispira spp.[35, 38]，Shewanella spp.[35, 39-41]，Marinobacter spp.[35, 
37, 39]，Pseudoalteromonas spp.[35, 41, 42]，Glaciecola spp.[35, 37]，Pseudomonas spp.[17, 
39, 41, 43-48], Acinetobacter spp.[49]等。α变形菌纲有 Sphingomona spp.[35, 45, 46, 48]，β-
变形菌纲有 Alcaligenes spp.[43, 50]，放线菌纲有 Rhodococcu spp.[43, 46, 50-54]，
Arthrobacter spp.[36, 43, 53]，Cryobacterium spp.[43]，Agreia spp.[41]。  
在极地土壤中，烃降解菌主要是耐冷菌而非嗜冷菌且主要分属于变形菌纲的
Pseudomonas spp.，Sphingomona spp.和放线菌纲的 Rhodococcu spp.，目前对这三
个类群的适冷降解菌已做了较多的研究。 
Pseudomonas spp.能利用烷烃和芳烃，Whyte 等[47]从北极柴油污染土壤中分
离出的两株假单胞菌 B17 和 B18 在 5℃和 25℃条件下均能降解 C5-C12烷烃、甲
苯和萘。Aislabie 等[45]从南极 Scott Base 附近燃料污染的土壤中分离到的 3 株假
单胞菌在 16℃下能够以萘、菲、芴和 BTEX(苯，甲苯和乙基苯)作为唯一的碳源






Pseudomonas 广，Aislabie 等[45]分离出 dAnt17 能够降解菲和 1-甲基萘。后来，
Baraniecki 等[55]对 Ant17 特性做了详细的研究，它具有广泛的芳烃和 PAH 降解活
















并且在 UV 和冻融循环中表现出良好的耐受性。 
通常状况下，Rhodococcu spp.都能够降解脂肪烃，某些菌还能够产生表面活
性剂乳化油污。Bej 等[51]研究南极 Scott Base 附近土壤中分离出 Rhodococcu spp.
的生物降解活性，结果表明大部分菌能降解 C6-C20 饱和烷烃，且所有的菌均能在
支链烷烃姥鲛烷中生长而不能在 2，2，4-三甲基戊烷、环己烷、甲苯和萘中生长。
在同一地区，Saul 等分离出 4 株菌与 Bej 等分离出的其中两株菌具有很高的相似
度，在 15℃条件下能够利用十二烷、十六烷和姥鲛烷。Ruberto 等[52]从南极阿根




在极地海水和海冰中，烃降解菌主要属于放线菌纲的 Rhodococcu spp. 和 γ-
变形菌纲 Pseudoalteromonas spp.、Pseudomonas spp.、Shewanella spp.、Halomonas 
spp.。Lo Giudice 等[43]利用柴油为唯一碳源，在 4 ℃富集了南极 Ross 海 8 个站
位的表层海水样品，从中分离获得 253 株烃类降解菌，它们主要属于
Actinobacteria 纲（75.9%）的 Arthrobacter, Cryobacterium，Rhodococcus 属，和 γ-
变形菌纲（22.9%）的 Pseudomonas 属，此外还分离获得了少量 α-和 β-变形菌纲
的细菌。底物降解实验表明，这些分离株在 4 ℃都能够很好的降解多种烷烃。
Yakimov 等[54]从南极海冰中分离出的 2 株 Rhodococcu sp. B11 和 B15 能够降解十
六烷和联苯，温度生长范围为 4-35℃ ， 适生长温度为 15-20℃，De Domenico
等[56]进一步考察了它们降解柴油的效率发现 B11 降解效率较高，在 4 和 20℃菌
降解效率达到近 80%，而 B15 在 4℃培养一个月和 20℃培养一个星期后降解效
率分别为 66.7%和 50.5%，同时，这两株菌还能以石蜡油（C28）和多氯联苯为唯
一碳源生长。Yakimov 等[35]从南极海冰中分离获得的 Rhodococcus sp. GA-05 能
够以萘和联苯为唯一碳源生长。Pepi 等从南极海冰和海水分界面分离出的耐冷菌
Halomonas sp.ANT-3b 能够以十六烷为唯一碳源生长，并且在生长过程中产生乳
化糖脂，生长温度范围为 4-20℃， 适生长温度 15℃，30℃以上不生长[36]。Deppe
等[41]研究了北极斯瓦尔巴特群岛附近海水和海冰混合样品的 4C 原油降解菌群。
结果表明，C8-C34、姥鲛烷、植烷在 28 天内都能够被完全降解。DGGE 菌群结
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